We demonstrate the operation of a compact wavelength demultiplexer using cascaded single-mode photonic crystal waveguides utilizing the slow light regime. By altering the dielectric filling factors of each waveguide segment, we numerically and experimentally show that different frequencies are separated at different locations along the waveguide. In other words, the beams of different wavelengths are spatially dropped along the transverse to the propagation direction. We numerically verified the spatial shifts of certain wavelengths by using the twodimensional finite-difference time-domain method. The presented design can be extended to de-multiplex more wavelengths by concatenating additional photonic crystal waveguides with different filling factors. 
Introduction
Photonic crystals (PCs) are strongly wavelength sensitive, high-index contrast dielectric materials. This sensitivity originates from the dispersive properties of the PC structure as a result of the wavelength scale refractive index modulation with certain crystal symmetry. The wavelength selectivity can be used for the benefit of designing compact optical filters, which are the key components of the wavelength division multiplexing (WDM) systems in optical communications [1] [2] [3] . De-multiplexers (DEMUX) with compact, cost-effective, polarization independent, low cross-talk and high spectral resolution are demanded for the optical communication systems [4, 5] . The common methods to achieve WDM operation using planar light wave circuits are based on thin-film filters, Bragg grating filters (high number of periods are required and large side lobes accompany the spectral response) and arrayed waveguide gratings (AWG) [6, 7] . Even though high spectral resolution and low cross-talk have been achieved using these methods, compactness and cost-effectiveness are still questionable [8] . One of the unique properties of the PCs is their extremely small footprints along with the rich dispersion characteristics [9] . Hence, we can claim that PC based DEMUX designs can be good candidates for implementing compact and effective wavelength monitoring for various applications including communications and sensing.
There have recently been various techniques studied by exploiting the different aspects of the wavelength selectivity features of PCs. For example, PC waveguide (PCW) directional couplers employing two parallel waveguides have been proposed and investigated for wavelength selectivity [8] [9] [10] . In all these studies, coupled waveguides are used to create the de-multiplexing mechanism by manipulating the waveguides. Different perturbations in the waveguide branches result in different resonance frequencies. In Ref. 10 , the evanescent coupling occurs among the coupled waveguides. A rather different approach can be adapted such that the cutoff frequency of the PCW mode can be changed by structural modifications, for example by changing the radii of the border holes. This principle was used in Refs. 11 and 12 to selectively drop different wavelengths along the PCW. Micro-cavities are highly frequency selective structures and the resonance frequency of the cavity mode can be tuned to a different wavelength by modifying the size of the cavity. The different frequencies propagating along the waveguide can be selected by these cavities which are placed at the sides of the waveguide-centerline [13] [14] [15] .
Broad enough PCWs that operate in the multi-mode regime have been studied for coarse wavelength de-multiplexing [16] [17] [18] [19] [20] . The fundamental mode and higher order mode interaction creates mini-stop-band (MSB) in the dispersion diagram where the higher order (C) 2011 OSAmode has a lower group velocity which can be considered as slow light regime. As a result the higher order mode with the larger field penetration depth will be dropped from the main channel if one side of the waveguide wall is thinned. The locations of these MSBs can be adjusted by changing the widths of the waveguides. Consequently, different wavelengths can be selected at different propagation distances. In addition, the two-channel wavelength demultiplexer structure based on the self-imaging phenomenon using a multi-mode PCW has been studied [21] . Finally, purely periodic PCs may show a strong wavelength discrepancy that can also be exploited for the purpose of designing a DEMUX. This principle has been implemented in Refs. 21 and 22 . By further exploiting the super-prism effect along with the two features of PCs, i.e., negative refraction and negative diffraction, a four-channel optical de-multiplexer was demonstrated in Refs. 22 and 23.
The disadvantages of these early proposed DEMUX solutions such as occupying large areas or utilizing complex operation principles can be partially avoided by allowing PCW to operate at the close proximity of the slow light region.
Proposed wavelength selective structure
In this study, we report a wavelength de-multiplexer design taking the benefit of the slow light phenomena in PCWs. The goal of this study is not implementing a DEMUX design that fulfills all of the aforementioned properties. Instead, we firstly plan to prove the operation mechanism of a DEMUX design employing a rather simple system with three channels. The proposed DEMUX is designed and optimized for single wavelength operation. The principle of the frequency selection mechanism is based on the modulation of the photonic band gap (PBG) confinement by altering the dielectric filling factors and electric-field distributions in the slow light regime. Each PCW section has a different filling factor that in turn produces different PBG regions. The PBG is the only confinement mechanism in the square-lattice dielectric PCW, because index based confinement does not occur. In PCWs, if the frequency of the propagating field is outside the PBG of the waveguide, then there is not any mechanism that supports the guiding of the light. As a result, the light starts to leak out of the waveguide. Depending on the number of wavelengths that we wish to perform de-multiplexing on, the number of the cascaded waveguides can be increased.
The critical part of the design benefits from the electromagnetic wave behavior in the vicinity of the slow light region. Figure 1(a) shows the light propagation through a single mode PCW. The strong confinement and propagating nature of the light can be observed using the steady-state field distribution. On the other hand, if the frequency of light is in the vicinity of the slow light region, the spatial distribution of light changes. The oscillation period along the longitudinal direction increases and the field penetrates deeper toward the transverse plane to the propagation direction. As a consequence, the interaction with the PC structure is increased. If the width of the PC is decreased on one side and coupled to a new PCW channel such that the evanescent field can leak out at the channel location, the wavelength selectivity can be achieved. The different wavelengths enter different slow light regimes if the filling factor of the PC section is altered. The finite-difference time-domain (FDTD) method is utilized for investigating the evolution of the different wavelengths that propagate through the concatenated PCWs [24] . The perfectly matched layer absorbing boundary condition surrounds the computational domain [25] . The unit-cell lattice a is discretized by 32 grid points. The input pulse is a modulated Gaussian pulse whose center frequency is varied to excite different channels. The incident wave is set to TM polarization (i.e., the electric field component is perpendicular to the propagation plane) to create a PBG region and a highly confined waveguide mode.
The complete structure consists of three sections and each section performs a testing by checking the wavelength of the incoming pulse. The parameters of each section are selected by investigating the cut-off frequencies of the waveguide bands of the PCW structures as shown in Fig. 3 . The first PCW has the highest dielectric filling factor with, f = 15.2% and the radius of the rods is r 1 = 0.22a (point C in Fig. 3 ). The filling factors of the second and the third section are decreased to 12.57% and 10.18%, respectively, by setting r 2 = 0.20a and r 3 = 0.18a (points B and A, respectively). As a result of decreasing the filling factors, the frequency of the slow light regime increases as shown in Fig. 4 . Fig. 3 . The relation between the waveguide band cut-off frequency and the dielectric filling factor. The highlighted frequencies correspond to the selected PCW sections.
The dielectric constant of the rods is set to 9.61 in the simulations to achieve a relatively high contrast between the air and the PC structure. The material is chosen as Alumina (Al 2 O 3 ). The high contrast provides a significant decrease in the cross-talk between the channels as a result of the strong interaction of the slow light modes with the rods. Furthermore, the group velocities of the selected modes are expected to exhibit larger differences if higher dielectric materials are used.
The selection of the operating frequencies in Fig. 4(b) is based on the spatial distributions of the slow light modes inside the PCW sections. Although the lowest group velocity occurs at the band-edge (k = 0), the maximum transmission occurs at the wavelengths that are indicated by green dashed lines in Fig. 4(b) . This frequency shift can be explained in two ways. Firstly, the modes near k = 0 that are also supported by the main waveguide channel have higher impedances resulting in a high impedance mismatch between the air and the PC structure. Secondly, the maximum of the transmitted intensity does not occur at a mode that has a higher group velocity that is in the linear region of the waveguide mode as a result of the spatial distribution of the modes. Moreover, the optimum spatial fit for the PCW section is related to the length of the section. A longer the PCW section corresponds to a wider spatially distributed slow-light mode which is the optimum fit for the structure. Therefore, there is a linear relation between the PCW length and the width of the spatial distribution, where a wider distribution indicates a slower mode. It can be inferred from the dispersion diagrams that a slower mode occurs at the band-edge. It shows that the length of the PCW and the frequency shift of the peak transmission are inversely proportional. Taking these explanations into account, the operating frequencies are selected by studying the transmission spectra of each PCW section, which is shown in Fig. 5 . Moreover, the frequencies that are allowed to propagate through the output channels are limited by the impedance mismatch and the spatial distributions of the modes. Each PCW section operates as a frequency filter and allows only a portion of the modes that are propagating in the main waveguide to propagate. The narrowband transmission can be seen as a coupling mechanism that has a quality factor of nearly 1000. As mentioned in several previous studies, high quality factor values are demanded in frequency division applications [16] [17] [18] .
The length of the waveguide and the design of the output channels are optimized such that maximum output power is obtained at the operating frequencies. The length of the PCW and the formation of the output channels are optimized in order to achieve the maximum performance. The output channel is a wider waveguide in order to get a gradual group velocity transition between the main and the output waveguides. This gradual transition provides a higher transmission or stronger coupling between the waveguides as a result of the better match in the impedances. The width of the output waveguides is selected as 3a, which corresponds to a multimode waveguide and creates an easier design. At the utilization of a single-mode but a wider waveguide (compared to a classical photonic crystal waveguide), the improvement of the output power can still be achieved, but further optimizations would be required. The shifts between the de-multiplexed wavelengths are shown in Fig. 5 . The r/a ratios are determined using the evolution of cut-off frequencies that is shown in Fig. 3 . We choose the ratios as a 1 /λ 1 = 0.3086, a 2 /λ 2 = 0.3158, and a 3 /λ 3 = 0.3247. These ratios are created by changing the periodicity of each PCW section and keeping the radii of rods constant. Therefore, each normalized frequency for each PCW section is unique. One can see that, each wavelength is picked up by the relevant output channel. The numerical results are compared to the experimental results for each PCW y that is used in the cascaded PC structure. Alumina rods with a radius of 0.158 cm and a length of 15.32 cm are used in the experiments. Therefore, the periodicities are selected as 0.878 cm, 0.79 cm, 0.718 cm for r = 0.18a, r = 0.20a and r = 0.22a, respectively. The proposed structure is installed between two platforms that have comparable dielectric constants to that of the free space. The experiments are conducted using two standard horn antennas that are placed 10 cm away from the input and output channels. An HP-8510C network analyzer (Agilent Technologies, USA) is used to measure the transmission coefficients. The frequency shifts between the de-multiplexed waves are observed in the experiments. A slight frequency shift occurred between the numerical and experimental results possibly because of fabrication inconsistencies and impurities in the Alumina rods. The usage of alumina rods can also cause power leakage in the z-direction. However, the leakage is prevented by using relatively long rods (~100r). In Fig. 5 , the good agreement between the numerical and experimental results proves that a significant leakage in the z-direction is not observed. The results of different sections are shown separately because of the method that is used when conducting the experiments that is changing the periodicity which creates a different normalized frequency axis for each PCW section.
The set of wavelengths are subject to a selection criterion as they travel along the PCW. The wavelength dropping occurs from the largest wavelength to the smallest one. Each PCW acts as a filter due to the difference in their filling factors. Assuming that the light has the appropriate wavelength to propagate through the first PCW, the second PCW checks the wavelength and allows the light to pass if the wavelength of light corresponds to a propagating mode, in other words, whether it is distant from the slow light region. Otherwise, the light begins to diffuse sideways through the output channels. Every section of the structure performs a similar task. Briefly, each section either allows the light to pass by or couples the light to the appropriate channel. If none of the PCW sections select the input wavelength, then the light will propagate through the device without any spreading in the transverse direction and reaches the end of the waveguide. The injection ratio between the input waveguide and the air is lower than that of a wave propagating in the linear regime of the waveguide mode since slow light modes have higher impedances. However, injection ratio can be improved by transferring the input wavelengths from a second waveguide which has the same characteristics with the output channel. This optimization is also used in the improvement of the extraction ratio by using output waveguides that have a width of 3a. Using a wider waveguide results a gradual transition in the impedances of waveguides and therefore, minimizes the impedance mismatch and increases the output power. This can also be seen as an incentive idea to design input or output couplers for photonic crystal based slow light devices. The transmitted power at output channels is smaller than the power at the output of the main waveguide considering the usage of a single PCW section as a de-multiplexer. However, the cascaded design of PCW sections is designed to prevent the propagation of the wavelengths that are already de-multiplexed by adjusting the dielectric filling factors of each PCW section to reflect the wavelengths by using the stop bands of the cascaded waveguides. For the composite structure, the extracted power levels at output channels are much larger than the power levels of the same wavelengths in the main waveguide as a result of the reflection of each de-multiplexed wavelengths at the surface of the next PCW section.
In the simulations, the results for the composite structure are obtained by keeping the periodicity for each PCW section constant and adjusting the radii of rods for each section to keep the r/a ratios. Figure 6(a) shows the steady-state electric field distribution due to the incident light whose normalized frequency is a/λ = 0.3086. This frequency is within the PBG of the first PCW and below that of the second PCW. It is expected that this frequency is dropped at the first channel. This observation can be confirmed from the FDTD result shown in Fig. 6(a) . Similarly, when the normalized input frequency is switched to a/λ = 0.3158, this pulse can propagate without any spreading until the second section of the structure. Afterwards, in the second section, it enters the slow light regime and therefore is picked up from the second channel. Figure 6 (b) confirms this wavelength selection rule by presenting the distribution of the steady-state fields. Similarly, Fig. 6(c) shows the selectivity of the wavelength at a/λ = 0.3247. A typical unselected wavelength at a/λ = 0.34 is shown in Fig.  6(d) , which stays confined until the end of the waveguide. It is observed using these figures that each PCW section filters a different wavelength and directs the selected wavelength toward the appropriate drop channel.
We also calculated the spatial distributions of the output channels in x-direction in Fig. 7 . By applying Fourier transform on the time domain data of the output channels, the spectral content of the selected wavelength in a specific channel is determined. The operating frequencies are selected such that, at these frequencies, the transmitted power is maximized whereas the cross-talk between the channels is minimized. The maximum level of the crosstalk for the first channel is obtained as −13.7 dB. The cross-talks are −15.6 dB and −28.7 dB for the second and third channels, respectively. The reason of the low cross-talk ratio is the design of the cascaded waveguides that are adjusted to create stop bands for the wavelengths that are already de-multiplexed at the previous channels. Moreover, the transmission spectra of the single PCW sections which are shown in Fig. 5 . indicates that the narrowband transmission similar to a resonant structure creates a pass band for only the allowed frequencies and avoids the other frequencies even they are supported in the main waveguide. The noise in the output channels can further be reduced by selecting operating frequencies according to the transmission spectra of the channels. Furthermore, using rods that have higher dielectric constant leads to a stronger separation of selected frequencies as a result of the deeper interaction of the slow light modes with the PC structure. The sinc-like distribution profiles that are obtained in Fig. 7 . show that the coupling mechanism between the main waveguide and the output channels successfully works and that the dispersion characteristics of the wavelengths propagating through the main waveguide transform into the dispersion characteristics of the output channels. The spectral and spatial shift of the pulses can be obtained clearly by utilizing the presented approach. Further modifications to the geometry may result in changes in the spatial separation, for example, forming a longer PCW section creates a peak transmission frequency which has a smaller group velocity. On the other hand, if the difference of the filling factors between each PCW section is kept smaller, then the spectral selectivity, which is defined as the difference between the de-multiplexed wavelengths, can be increased. In other words, the ability to distinguish between small wavelength shifts can be achieved by introducing small changes in the filling factors. In order to de-multiplex more than three wavelengths, the number of the waveguides, which have different filling factors, needs to be increased. New PCW sections should be designed carefully considering the output power of the single PCW section and the frequency region of the allowed modes in the main waveguide. The new PCW section should also be designed by aiming low cross talk between the channels by creating a stop-band in the vicinity of the wavelengths that are already de-multiplexed in the previous channels. Fig. 7 . The spatial distributions of the operating frequencies at three output channels in xdirection. The output levels are calculated nearly 5a away from the output channels. The green dashed lines show the positions of the output channels in x-direction.
The usage of PCWs of equal lengths leads to a compact design, although the management of cross-talk between channels becomes more difficult as a consequence of the absence of the minimization of back reflections from each section.
Conclusion
In conclusion, we propose a wavelength de-multiplexer design based on concatenated photonic crystal waveguides, for which dielectric filling factors are varied in order to target the slow light region. The frequency selectivity of the device originates from the light behavior in the vicinity of the slow light regime due to the high leakage as a result of the wider spatial distribution of the electromagnetic waves inside the main waveguide. The spatial selection of different wavelengths occurs within consecutive PCW sections and we numerically and experimentally demonstrate the successful de-multiplexing of three wavelengths in a compact manner.
The preliminary results of the DEMUX design employing the slow light phenomena are encouraging. However, the DEMUX design can be further studied in order to obtain higher output power levels at each output channel and a linear spacing in de-multiplexed frequencies. Moreover, using the proposed de-multiplexer design idea, slab dielectric PC structures with air holes in triangular lattice form can be a good candidate to create similar devices that work at optical frequencies avoiding the power leakage in the z-direction. In addition, the length of each PCW can be optimized to create a more compact design. Such investigations will be the subject of a future study.
